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Abstract 

This article provides an overview of research on chromatin diminution (CD) in copepods. The phenom- 
enology, mechanisms and biological role of CD are discussed. A model of CD as an alternative means of 
regulating cell differentiation is presented. While the vast majority of eukaryotes inactivate genes that are 
no longer needed in development by heterochromatinization, copepods probably use CD for the same 
purpose. It is assumed that the copepods have exploited CD as a tool for adaptation to changing environ- 
mental conditions and as a mechanism for regulating the rate of evolutionary processes. 
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The pattern of chromatin diminution in Cyclopoida (Copepoda, Crustacea) 

Chromatin diminution (CD) in Cyclopoida is the removal of part ofthe chromosomal 
material from cells of the somatic cells line in one or two sequential cleavage divisions, 
while germ-line cells retain their nuclear DNA unchanged throughout ontogeny (Beer- 
mann 1977, Grishanin et al. 1996, 2006b, Akifyev and Grishanin 2005). CD in fresh- 
water copepods was initially treated as a pathological event (Amma 191 1) or as a mani- 
festation of extranuclear DNA synthesis (Stich 1954, 1962). Later study of the marine 
copepods Pseudocalanus Boeck, 1872 revealed a large number of Feulgen-positive mate- 
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rial (Robins and McLaren 1982). This material is concentrated by the division spindle 
prior to the first cleavage division and becomes dispersed soon afterwards. During the 
second cleavage division about one tenth of Feulgen-positive material is reduced. Rob- 
ins and McLaren (1982) noted that the phenomenon of loss of nuclear DNA for marine 
copepods is not like the CD in freshwater copepods, because, despite the elimination 
of chromatin, during the first two maturation divisions of the embryo, reduction of the 
genome is not observed in the somatic cells line. They also suggested that the main cause 
of fluctuations in the nuclear DNA content in marine copepods is to maintain the ratio 
of nuclear DNA to the size of the nucleus, which is probably related to body size and the 
speed of development. Later study found a correlation between the size of the somatic 
genome and the rate of development for the marine copepods (McLaren et al. 1989). 

The phenomenon of chromatin diminution (CD) has been discovered in 23 spe- 
cies of freshwater copepods (Table 1). The timing of CD is species-specific and oc- 
curs during one or two cell cycles in early embryogenesis. Numerous studies of CD 
have shown that during early embryonic cells divisions, somatic cells lose from 45% 
to 94% of DNA whereas germ line cells preserve the initial amount of DNA Cyclops 
furcifer Clzus, 1857, Cyclops strenuus divulsus Lindherg, 1957, Cyclops strenuus strenuus 
Fisher, 1851 Mesocyclops edaxVovhes, 1891 during prophase of their first meiotic 
division (Beermann 1966, 1977, Chinnappa 1980, Wyngaard and Chinnappa 1982). 
The number of dense segments changes from 20 to 40 in anaphase chromosomes of 
embryonic presomatic cells of Cyclops kolensis Lilljeborg 1901 (Grishanin 1995). These 
observations suggest that the condensation pattern of prediminution chromosomes 
in some way contributes to its specification for excision and elimination. The hetero- 
chromatin localization is strongly species-specific. Heterochromatin is localized in the 
telomeric area of C divulsus and in or near the centromeres and telomeres of Cfurcifer 
and M. edax, but is evenly distributed throughout the chomosomes in C. strenuus 
strenuus (Germany population) and C kolensis (Beermann 1 977, Wyngaard and Ch- 
innappa 1982, Grishanin 1995, Grishanin et al. 1996). Standiford (1989) compared 
C-banding patterns of Acanthocyclops vernalis Fischer, 1853 chromosomes before and 
after chromatin diminution to identify the heterochromatin regions eliminated dur- 
ing CD, and found that as a result of CD part of the heterochromatin of A. vernalis 
chromosomes cut out. Embryonic cells of German populations of C. strenuus strenuus 
until fourth cleavage division showed clear separation of paternal and maternal chro- 
mosomes (Beermann 1977). Heterozygous females have two type of pronuclei: one 
with a set of heterochromatin-rich chromosomes and the other with a low heterochro- 
matin set. CD totally eliminates a significant difference in the size between homolo- 
gous chromosomes. In other words, the length of euchromatin part of chromosome is 
constant , while the length of the heterochromatic regions varies. Lecher et al. (1995) 
proposed that the heterochromatin segments that are excised in CD consist not only 
from highly repetitive DNA and might be considered as facultative heterochromatin. 
Subsequent studies have shownthat the eliminated DNA of C. kolensis is composed 
ofmany direct and inverted repeats with a complex internal structure present within 
the same fragment (Degtyarev et al. 2004). The repetitive sequences (motifs) of C. ko- 
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Table I. Cytogenetic characteristics of Cyclopoida species with chromatin diminution (CD). 1 
Akif'ev 1974 2 Beermann 1959 3 Beermann 1977 4 Chinnappa 1980 5 Dorward and Wyngaard 
1997 6 Einsle 1964 7 Einsle 1975 8 Einsle 1993 9 Einsle 1994 10 Einsle 1996 11 Grishanin et al. 
1996 12 Grishanin et al. 2004 13 Ivankina et al. 2013 14 Kochina and Monchenko 1986 15 Rasch 
and Wyngaard 2006 16 Rasch et al. 2008 17 Semeshin et al. 201 1 18 Standiford 1989 19 Wyngaard 
et al. 2011 20 Zagoskin et al. 2010, nd= no data, PD/SC = DNA ratio of prediminuted germ cell 
nuclei and somatic cell nuclei. 



Species 


PD/ SC 


n 


CD time (cleavage division) 


References 


Acanthocyclops incolotaenia Mazepova, 1950 


nd 


nd 


nd 


13 


A. robustus Sars G.O., 1863 


nd 


4 


6 


5,18 


A. vernalis Fischer, 1853 


nd 


nd 


5 


1 


Apocyclops paramemis Marsh, 1913 


nd 


nd 


7 


5 


Cyclops abyssorum Sars GO, 1863 


nd 


nd 


5 


8 


C. bohater Kozminski, 1933 


nd 


nd 


5 


8 


C. insignis ChiVLS, 1857 


nd 


nd 


5 


8 


C. furcifer Clans, 1857 


2 


11 


6,7 


3 


C. heberti Einsle, 1996 


nd 


nd 


5 


10 


C. kikuchi Smirnov, 1932 


nd 


11 


nd 


9,14 


C. kolensis Lilljeborg 1901 


15.6-16.4 


11 


4 


11,20 


// // // 
/ / // / / 


117 19 4 


11 


4 


1 7 


// // // 


31-40 


11 


4 


19 


C singularis Einsle, 1996 


nd 


nd 


4 


10 


C. strenuus divubuslAYK^et^, 1957 


1.7 


11 


5 


3 


C. strenuus strenuus Fishei, 1851 


2.4 


11 


4 


3 


// // // 


4 


12 


5,6 


11 


// // // 


5.7 


nd 


nd 


15 


C. vicinus ijlysinin, 1875 


nd 


11 


nd 


7,9 


Diacyclops galbinus Mazepova 1950 


11.9-13.2 


nd 


nd 


13 


D. navusHenick, 1882 


nd 


nd 


5 


5 


Mesocyclops edax Forbes, 1891 


5.2-10.5 


7 


4 


4,15,16 


M. longisetus 'VniehaaA, 1912 


9.5 


nd 


6 


5,15 


M. longisetus curvatus Dussarr, 1987 


14.6 


nd 


nd 


15 


Metacyclops mendocinus Wierzeiski, 1892 


10 


nd 


nd 


15 


Microcyclops varicans Sars G.O., 1863 


nd 


nd 


nd 


2 


Paracyclops affinis Sslts CO., 1863 


1.75 


nd 


nd 


12 



lensis eliminated DNA have a mosaic structure consisting of submotifs (short repeats) 
and are distributed throughout the ehminated genome (Degtyarev et al. 2004). The 
study of inter simple sequence repeats (ISSR) of C. kolensis showed that most of them 
are stored after CD (Zagoskin et al. 2008) Some sequences of ehminated DNA are 
selectively reduced during CD (Grishanin et al. 2006a, Zagoskin et al. 2008). The 
investigation of C. kolensis rDNA before and after CD demonstrated a reduction of 
three hundred times of rRNA genes in the somatic cells line (Zagoskin et al. 2010). 
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Comparative analysis of eliminated DNA of Moscow and Baikal populations of C. 
kolensis showed a high level homology of repeats (97-98%) (Grishanin et al. 2006a). 
This means that, despite the huge number of generations that have passed since the 
divergence of Moscow and Baikal C. kolensis population (at least 25 million), the se- 
quence data has been under strong selection to not change. 

Of special interest is the research on genome endoreduplication in cyclops with 
CD (Rash et al. 2008, Wyngaard et al. 201 1). The mechanism of endoreduplication 
makes it possible to reverse the process of CD. 



The mechanism of chromatin diminution in freshwater copepods 

Beermann (1977) proposed that CD in cyclops involved the synthesis or activation of 
enzymes that initiate CD in presomatic cells during the prediminution interphase. In 
her opinion, the absence, inactivation or repression of diminution enzymes in germ line 
cells is sufficient to explain their failure to undergo CD. Beermann (1977) assumed that 
ectosomes in germ line cells contain either a non-specific repressor with such functions 
or a factor that induces the formation of such repressor. According to Beermann (1977), 
the mechanism for eliminating chromatin from the chromosomes of somatic cells is 
analogous to the mechanism of excising bacteriophage DNA from Escherichia coli Esher- 
ich, 1885 chromosomes. It involves looping of the eliminated region of chromosomes, 
recombination of homologous sites in the loop basement and joining of the chromo- 
some fragments. This hypothesis is supported by the fact that the diploid chromosomes 
number before and after CD remains unchanged in the studied species of Cyclops Mul- 
let, 1776. It is also supported by the presence in embryonic cells of C. divulsus and C. 
furcifer of numerous chromatin rings 25—30 nm in diameter and 0.6—100 microns in 
length immediately after the beginning of diminution events irrespective of the locali- 
zation of the eliminated chromosome regions (Beermann and Meyer 1980, Beermann 
1984). Beermann explains the evolutionary changes affecting the localization and size of 
eliminated regions of chromosomes as a result of chromosome rearrangements, primar- 
ily deletions and duplications. The model of organization of the higher order chromatin 
loop (Mirkovitch et al. 1984) explains the data of Beermann and Meyer (Beermann and 
Meyer 1980, Beermann 1984). The domain-loops excised from cyclops chromosomes 
could be cut out in the base of loops at the site of Matrix Associated Regions (MAR). 
With this theory in mind it is now possible to complete the explanation of CD mecha- 
nism for C. kolensis which was presented earlier (Akif'ev et al. 1998, 2002) and propose 
the following CD stages that occurs in the presomatic cells of cyclops: 

1) Preparation for the reduction of a major part of the genome, which involves 
lengthening of the prediminution interphase and the appearance of G-bands in 
chromosomes prior to diminution. The G-bands might be involved in reprogram- 
ming the functionally active part of the genome through the mechanisms of DNA 
methylation and histone modifications of somatic cells chromosomes before CD; 
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2) Activation of the sites of chromosomes breaks during interphase of the cell cycle 
when CD occurs. It is probable that the chromosomes breakage sites are localized 
in regions associated with the nuclear matrix; 

3) Cutting at chromosomes breakage sites. Immediately after cutting, the chromo- 
some DNA strand is restored; 

4) Compacting of the excised DNA and formation of a pore-free membrane around 
it to produce granules; 

5) Degradation of the granules of excised DNA during 2-3 subsequent divisions. 
Thus, the CD process, presumably, involve many genes. 



Biological role and evolutionary significance of CD 

CD is unique in producing a dramatic reorganization of the entire nuclear genome dur- 
ing a relatively short period of ontogeny. During CD large regions of heterochromatin 
are removed from chromosomes of the somatic cells line. Prior to CD, presomatic cells 
of Cyclops in interphase have a nuclear structure that is highly ordered in terms of the 
spatial distribution of eu- and heterochromatin. There is a strong opinion based on 
numerous facts that silent genes are localized in the heterochromatin compartments 
at the nuclear periphery, whereas active genes are located in the central part (Dillon 
2004, Meaburn and Misteli 2007, Schofer and Weipoltshammer 2008). HoUick et al. 
(1997) showed that rapid genome reorganization is associated with repetitive DNA, its 
methylation and insertions of a transposable element. Therefore, the excision of hetero- 
chromatin from chromosomes during CD can remove genes, change their position, and 
through the mechanisms of DNA methylation and histone modifications modify their 
regulatory status. Moreover, presumably, the excision of heterochromatin segments by 
CD will decrease the distance between many previously distantly located genes. This is 
expected to increase the amount ofinterference from crossover exchanges and decrease 
the number of possible recombinations, which in turn is expected to reduce adaptive- 
ness. There is an alternative, albeit radical evolutionary solution of reducing the number 
of recombinations during meiosis - an absence of chiasmata. It's usual for Cyclopoidae 
species to have achiasmatic meiosis (Chinnappa 1980, Grishanin et al. 2005). However 
some cryptic species have meiosis with well-defined chiasmata, variable genome and 
maybe capable of rapid evolutionary changes (Grishanin et al. 2005, 2006b). 

Monchenko (2003) emphasizes that macromorphological traits are of little impor- 
tance in the speciation of Cyclops, which has many cryptic species. Cryptic speciation 
is apparently common in the Cyclopoida. The study A. vernalis revealed a complex 
population structure of this species, where some populations not only have different cy- 
togenetic characteristics, but also show a partial or complete reproductive isolation from 
other populations (Grishanin et al. 2005, 2006c). These data suggest that these popu- 
lations can be considered as cryptic species (Dodson et al. 2003). Comparative study 
of the Cyclopoida species {A. vernalis, C. insignis, C. kolensis, C. strenuus strenuus) has 
revealed that a large-scale rearrangement of the genome has arisen in this suborder with- 
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out any visible morphological changes. Evolutionary events that have involved changes 
in genome size but not changes in chromosome number are evidenced by multiple 
genome size differences within the genera Mesocyclops Sars, 1913 and between popula- 
tions of Thermocyclops crassus Fischer, 1853 (Table 2) (it's probably by mechanisms of 
endoreduplication); the chromosome polymorphism observed in C. strenuous strenuus 
like gonomery (Beermann 1977), the cytogenetics differences observed between Russian 
and Germany populations of C. strenuous strenuus; and the presence and absence of CD 
for Russian and German populations of C. insignis (Grishanin and Akifiev 2000). The 
molecular data complete the cytogenetics pattern. The high level of conservation of 
the C. kolensis genome, the complex structure of its eliminated DNA, and the selective 
removal of some sequences, (Degtyarev et al. 2004, Grishanin et al. 2006a, Zagoskin et 
al. 2010) suggests a special role of eliminated DNA in its development and evolution. 
So, CD process should be considered as an evolutionary innovation that leads directly to 
the appearance of cryptic Cyclopoida species that are distinguished by the occurrence or 
lack of CD, by peculiarities of the CD process and by other cytogenetic characteristics. 
The mechanism of cryptic speciation is not known yet, but it is likely that hybrids of Cy- 
clops with CD and without CD will fail as a result of a compromised ability to regulate 
CD. Disruption of the coordinated network of genes that control each of the above- 
proposed stages of CD will inevitably lead to the disturbance of the CD process and, as a 
result, to errors in the processes of development and differentiation of the organism that 
will most likely cause the death for the given organism. Consequently, the occurrence 
of CD in Cyclops evolution should automatically lead to the emergence of a new species. 
To confirm this hypothesis, it would be of interest to cross the German population of C. 
insignis, which have CD and the Russian population of C. insignis, in which CD absent. 

The detection of polyploid cells in some Cyclops species raises another side of the 
biological significance of CD (Grishanin et al. 1996). With the conventional notion 
of polypoidy arising during or before conception, the functional advantage of having 
multiple copies of some 

DNA sequences is offset by the necessity of replicating and maintaining multiple 
copies of much additional genetic material that will never be required in differentiated 
somatic cells. An alternative but more economical path to the same end is to eliminate 
unused DNA from the somatic cells line genome during CD and then to repeatedly 
amplify the genome of somatic cells. 

Based on the above reasoning we can make the following assumptions about bio- 
logical role of CD: 

1. Chromatin diminution is an alternative form of regulation of cell differentiation 
during which there is a total loss of mostly redundant DNA, while in the vast major- 
ity of eukaryotes part of the genome is inactivated through heterochromatinization; 

2. CD coevolves with polyploidy to regulate gene dosage in somatic tissues; 

3. CD is a tool for adaptation to changing environmental conditions; 

4. CD is a mechanism for regulating the rate of evolutionary processes. 
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Table 2. Cytogenetic characteristics of Thermocyclops crassus Fischer, 1853 and some species of Mesocyclops 
Sars, 1913.1 Wyngaard and Rasch 2000 2 Rasch and Wyngaard 2006 3 Grishanin et al. 2004 4 Grishanin 
2008, SC = somatic cell nuclei. 



Species 


lC(pg) SC 


n 


CD 


References 


Mesocyclops edax Forbes, 1891 


1.47 


7 


present 


1,2 


M. ruttneri Kider, 1981 


0.72 


7 


no CD 


1 


M. leuckarti Cisas, 1857 


0.38 


7 


no CD 


1 


M. woutersi V3.n de Velde, 1987 


0.38 


no data 


no CD 


1 


Thermocyclops crassus (russian population) 


1.2 


7 


no CD 


3,4 


Th. crassus (Vietnamese population) 


0.42 


no data 


no CD 


1 



Thus, even a brief acquaintance with the facts estabUshed recently permits a con- 
clusion that the phenomenon of CD is a unique tool to study the eukaryotic nucleus 
organization and some questions of evolution. 



Acknowledgements 

The author is grateful to Dr. C.S. Rose and K.A. Leitich for help in discussing and 
editing the English text and to Comparative Cytogenetics Editors and reviewers for the 
help in editing of the manuscript. 



References 

Akif ev AP (1974) "Silent" DNA and its evolutionary role. Priroda 9: 49-54. [in Russian] 

Akif'ev AP, Grishanin AK, Degtyarev SV (1998) Chromatin Diminution Accompanied by 
Reorganization of the Molecular Structure of the Genome: Evolutionary Aspects. Russian 
Journal of Genetics 34(6): 577-584. 

Akif'ev AP, Degtyarev SV, Grishanin AK (2002) Chromatin diminution is a key process ex- 
plaining the eukaryotic genome size paradox and some mechanisms of genetic isolation. 
Russian Journal of Genetics 38(5): 486-495. doi: 10. 1023/A: 101557881 1571 

Akifyev AP, Grishanin AK (2005) Some conclusions on the role of redundant DNA and the 
mechanisms of eukaryotic genome evolution inferred from studies of chromatin diminu- 
tion in Cyclopoida. Russian Journal of Developmental Biology 41(4): 366-377. 

Amma K (1911) Uber die differenzeirung der Keimbahnzellen bei den Copepoden. Archive 
Experimental Zellforschung 6: 497—576. 

Beermann S (1959) Chromatin diminution bei Copepoden. Chromosoma 10: 504—514. doi: 
10.1007/BF00396586 

Beermann S (1966) A quantitative study of chromatin diminution in embryonic mitosis of 
Cyclops furcifer. Genetics 54: 567-576. 



8 



Audrey Grishanin I Comparative Cytogenetics 8(1): 1—10 (2013) 



Beermann S (1977) The diminution of heterochromatic chromosomal segments in Cyclops 
(Crustacea, Copepoda). Chromosoma 60: 297-344. doi: 10.1007/BF00292858 

Beermann S, Meyer GF (1980) Chromatin rings as products of chromatin diminution in 
Cyclops furcifer. Chromosoma 77: 277-284. doi: 10.1007/BF00286053 

Beermann S (1984) Circular and linear structures in chromatin diminution of Cyclops. 
Chromosoma 89: 321-328. doi: 10.1007/BF00331248 

Chinnappa CC (1980) Bivalent forming race oi Mesocyclops edax (Copepoda, Crustacea). Ca- 
nadian Journal of Genetics and Cytology 22: 427-431. 

Degtyarev S, BoykovaT, Grishanin A, Belyakin S, Rubtsov N, Karamysheva T, Makarevich G, 
Akif'ev A, Zhimulev I (2004) The molecular structure of the DNA fragments eliminated 
during chromatin diminution in Cyclops kolensis. Genome Research 14: 2287—2294. doi: 
10.1101/gr.2794604 

Dillon N (2004) Heterochromatin structure and function. Biology of the Cell 96: 631-637. 
doi: 10.10l6/j.biolcel.2004.06.003 

Dodson SI, Grishanin AK, Gross K, Wyngaard GA (2003) Morphological analysis of some 
cryptic species in the Acanthocyclops vernalis complex from North America. Hydrobio- 
logia500: 131-143. doi: 10.1023/A: 10246780 18090 

Dorward HM, Wyngaard GA (1997) Variability and pattern of chromatin diminution in the fresh- 
water Cyclopoida ( Crustacea: Copepoda). Archive Hydrobiologia. Suppl. 107: 447-465. 

Einsle U (1964) Die Gattung Cyclops s. str. im Bodensee. Archive Flydrobiologia. 60: 133-139. 

Einsle U (1975) Revision der Gattung Cyclops s. strenuus Speciell der Abissorum-Gruppe. In- 
stant Memorie Idrobiologia. 32: 57-219. 

Einsle U (1993) Crustacea: Copepoda: Calanoida und Cyclopoida. Subwasserfauna on Mit- 
teleuropa Bd. 8. Fleft 4. Teil Gustav Fischer Verlag Stutgart, 1-209. 

Einsle U ( 1 994) Cyclops kikuchi Smirnov, 1 932 (Copepoda, Cyclopoida) eine selbstandige art aus 
suddeutschen gewassern. Crustaceana 66(2): 240-246. doi: 10.1163/156854094X00729 

Einsle U (1996) Cyclops heberti n. sp. and Cyclops singularis n. sp., two new species within the 
genus Cyclops C strenuus-svhgmwp') (Crust. Copepoda) from ephemeral ponds in southern 
Germany Hydrobiologia 319: 167-177. doi: 10.1007/BF00013729 

Grishanin AK (1995) „Romparative electron microscopic study of chromosomes and inter- 
phase nuclei in cells of Cyclops kolensis (Copepoda, Crustacea) before and after chromatin 
diminution. Russian Journal of Developmental Biology 26(3): 153-158. 

Grishanin AK, Khudolii GA, Shaikhaaev GO, Brodskii VYa, Makarov VB, Akif'ev AP (1996) 
Chromatin diminution in Cyclops kolensis (Copepoda, Crustacea) is a unique example of 
genetic engineering in nature. Russian Journal of Genetics 32(4): 424—430. 

Grishanin AK, Akifiev AP, Dahms HU (2004) Nuclear DNA and remarks on chromatin dimi- 
nution of cyclopoid copepods. Zoological Studies 43(2): 300-303. 

Grishanin AK, Akifiev AP (2000) Interpopulation differentiation within Cyclops kolensis and 
Cyclops strenuus strenuus (Crustacea, Copepoda) evidence from cytogenetic methods. Hyd- 
robiologia 417: 37-42. doi: 10.1023/A:1003819809155 

Grishanin AK (2008) Cytogenetic studies of chromatin diminution in freshwater crustaceans is 
a new approach to the study redundant DNA eukaryotes. Dr. Sci. Dissertation, Moscow, 



chromatin diminution in Copepoda {Crustacea): pattern, biological role.. 



9 



Russian Federation: Koltzov Institute of Developmental Biology, Russian Academy of Sci- 
ences, 142 pp. [in Russian] 

Grishanin AK, Rasch EM, Dodson SI, Wyngaard GA (2005) Variability in genetic architecture 
of the cryptic species complex of Acanthocyclops vernalis (Copepoda). I. Evidence from 
karyotypes, genome size, and ribosomal DNA sequences. Journal of Crustacean Biology 
25(3): 375-383. doi: 10.1651/C-2558 

Grishanin AK, Boikova TV, Marshak TL, Naumova EY, Zagoskin MV, Akif 'ev AP, Zhimulev 
IF (2006a) The conservatism of the genome structure of Cyclops kolensis. Doklady Bio- 
chemistry and Biophisics 408(1): 161-164. doi: 10.1 134/S 1607672906030 15X 

Grishanin AK, Shekhovtsov AK, Boikova TV, Akif 'ev AP, Zhimulev IF ( 2006b) Chromatin 
diminution at the border of the XX and XXI centuries. Tsitologiia 48(5): 379-97. [in 
Russian] 

Grishanin AK, Rasch EM, Dodson SI, Wyngaard GA (2006c) Genetic architecture of the 
cryptic speices complex of Acanthocyclops vernalis (Crustacea: Copepoda) II. Crossbreeding 
experiments, cytogenetics and a model of chromosomal evolution. Evolution 60: 37-46. 

HoUick JB, Dorweiler JE, Chandler VL (1997) Paramutation and related allelic interactions. 
Trends in Genetics 13 (8): 302-307. doi: 10. 1016/S0168-9525(97)01 184-0 

Ivankina FA, Alekseeva AL, Semeshin VF, Omelyanchuk LV, Palchikova IG, Sheveleva NG, 
Kirilchik SV, Zhimulev IF (2013) Cytopho to metric determination of genome size in three 
species of Cyclops lake Baikal (Crustacea: Copepoda: Cyclopoida) in ontogenetic develope- 
ment. Tsitologiya 55(1): 52-59. 

Leech DM, Wyngaard GA (1996) Timing of chromatin diminution in the free-living 
fresh-water Cyclopoida (Copepoda). Journal of Crustacean Biology 16: 496—500. doi: 
10.2307/1548739 

Lecher P, Daniell D, Noel P (1995) Chromosomes and nuclear DNA of Crustacea. Invertebrate 

Reproduction and Development 27(2): 85-114. doi: 10.1080/07924259.1995.9672440 
McLaren lA, Sevigny JM, Corkett CJ (1989) Temperature-dependent developement in Pseudo- 

calanus species. Canadian Journal of Zoology 67: 552-558. doi: 10.1139/z89-078 
Mirkovitch J, Mirault MF, Laemli UK (1984) Organization of the higher-order chromatin loop: 

specific DNA attachment sites on nuclear scaffold. Cell 39: 223-232. doi: 10.1016/0092- 

8674(84)90208-3 

Meaburn KJ, Misteli T (2007) Cell Biology: Chromosome territories. Nature 445: 379-381. 
doi: 10.1038/445379a 

Monchenko VI (2003) Freeliving Cyclopoida of the Ponto-Caspian basin. Kiev: Naukova 

dumka. 350 pp. [in Ukrainian] 
Kochina EM, Monchenko VI (1986) The independence of Cyclops kikuchi{Crustacea., Cyclopi- 

dae) 1: 15-17. 

Rasch EM, Wyngaard GA (2006) Changes in nuclear morphology assotiated with elevated 
DNA levels during gametogenesis in cyclopoid copepods with chromatin diminution. In- 
vertebrate Biology 125(1): 56-69. doi: 10.11 n/j.l744-74l0.2006.0004l.x 

Rasch EM, Wyngaard GA, Connely BA (2008) Fleterochromatin endoreduplication prior to 
gametogenesis and chromatin diminution during early embryogenesis in Mesocyclops edax 
(Copepoda: Crustacea). Journal of Morphology 269: 387-397. doi: 10. 1002/jmor. 10576 



10 



Audrey Grishanin I Comparative Cytogenetics 8(1): 1—10 (2013) 



Robins JH, McLaren lA (1982) Unusual variations in nuclear DNA contents in the marine 
copepod Pseudocalanus. Canadian Journal of Zoology 24: 529-540. 

Schofer C, Weipoltshammer K (2008) Gene dynamics and nuclear architecture during differ- 
entiation. Differentiation 76(1): 41-56. 

Semeshin VF, Omelianchuk LV, Alekseeva AA, Ivankina EA, Sheveleva NG, Zhimulev IF 
(2011) DNA Content in Nuclei of Cyclops kolensis and Cyclops insignis (Crustacea, Co- 
pepoda). Cell and Tissue Biology 5(3): 300-310. doi: 10.1 134/S1990519X1 1030102 

Standiford DM (1989) The effect of chromatin diminution on the pattern of C-banding in 
the chromosomes of Acanthocyclops vernalis Fischer (Copepoda: Crustacea). Genetika 
79:207-214. 

Stich H (1954) StofiF und Stromungeni der Spindel von Cyclops strenuus. Chromosoma. 
6: 199-236. doi: 10.1007/BF01259940 

Stich H (1962) Variations of the DNA content in embrional cells of Cyclops strenuus. Experi- 
mental Cell Research 26: 136-144. doi: 10.1016/0014-4827(62)90209-4 

Wyngaard GA, Chinnappa CC (1982) General biology and cytology of cyclopoids. In: Devel- 
opmental Biology of Freshwater Invertebrates. New York, Alan R. Liss.l: 485—533. 

Wyngaard GA, Rasch EM (2000) Patterns of genome size in the Copepoda. Hydrobiologia 
417: 43-56. doi: 10.1023/A:1003855322358 

Wyngaard GA, Rasch EM, Manning NM, Gasser K, Domangue R (2005) The relationship between 
genome size, development rate, and body size in copepods. Hydrobiologia 532: 123-137. doi: 
10.1007/sl0750-004-9521-5 

Wyngaard GA, Rash EM, Connely BA (201 1) Unusual augmentation of germline genome size 
in Cyclops kolensis (Crustacea, Copepoda): further evidence in support of a revised model 
of chromatin diminution. Chromosome Research 19(7): 911-923. doi: 10.1007/sl0577- 
011-9234-3 

Zagoskin MV, Grishanin AK, Korolev AL, Palenko MV, Mucha DV (2008) Characterization of 
Cyclops kolensis inter-simple sequence repeats in germline and postdiminution somatic cells. 
Doklady Biochemistry andBiophisics423(l):337-34l. doi: 10.1134/S1607672908060057 

Zagoskin MV, MarshakTL, Mukha DV, Grishanin AK (2010) Chromatin diminution process 
regulates rRNA gene copy number in freshwater copepods. Acta Naturae 2(4): 52-57. 



